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Abstract 
Contrast thresholds for different spatial frequencies were measured 
for four individuals with optimum optical correction and with 2 D of 
astigmatismm induced at various meridians. Sensitivity for sine 
waves of low spatial frequencies was unaffected by the astigmatism; 
however, gross changes were found at high spatial frequencies when 
the astigmatism was induced with the power meridian perpendicular 
to the orientation of the stripes. For square waves, the results were 
comparable at high spatial frequencies, but astimgatism also 
produced a decrement at 0.2 cycles/degree. This latter effect can 
be predicted by assuming that astigmatism results in a loss of higher 
order harmonics in the response to square waves. 
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Although the effects of astigmatism on 
spatial contrast sensitivity have not been 
subjected to extensive investigation, results 
can be predicted from the optics of astig- 
matic systems and from the data on the 
effects of defocusing by spherical lenses. An 
astigmatic optical system focuses a point 
source as two focal lines, with contours 
parallel to the emmetropic meridian ap- 
pearing blurred while perpendicular con- 
tours remain clear.1,2 Differential effects 
would be predicted for grid patterns ori- 
ented parallel to, or perpendicular to, the 
axis of astigmatism. The fact that defocus- 
ing affects primarily the high spatial fre- 
quencies has been realized since the original 
study of Campbell and Green.3 

Thus, we would predict that astigmatism 
would produce decrements in contrast sen- 
sitivity for vertically oriented sine waves 
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only at high spatial frequencies (the specific 
frequencies depending upon the amount of 
astigmatism) and that the decrements 
would be maximal for astigmatism with the 
power meridian horizontal. Furthermore, 
according to the multiple channel theory of 
contrast sensitivity, differential effects on 
the responses to sine waves and square 
waves should occur if the effects of astig- 
matism are sufficiently large to eliminate 
the higher order harmonics from partici- 
pating in the response to square waves of 
low spatial frequency. This study gives an 
empirical test of these predictions by mea- 
suring contrast thresholds for vertical sine 
and square waves with subjects in whom 2 
D of astigmatism was induced in different 
meridians. 

METHODS 

Sinusoidal and square-wave gratings, in 
a vertical dimension, were generated on a 
Hewlett-Packard 1311A CRT with a P31 
phosphor by conventional techniques.4 The 
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mean luminance of the oscilloscope was 4.5 
cd/m2, and its angular subtense was 10.5 X 
13.5 degrees at a viewing distance of 114 
cm. The surround was dimly illuminated at 
0.1 cd/m2. Five spatial frequencies, 0.2, 0.5, 
2, 5, and 10 cycles/degree (cpd), were cho- 
sen to sample adequately visual sensitivity 
to different spatial frequencies. 

Four subjects using binocular vision were 
employed. All were first corrected for the 
observing distance of 114 cm, by adding 
lenses of +0.875 D to their normal correc- 
tion for infinity. This correction is hereafter 
referred to as the "no astigmatism" condi- 
tion. For the other conditions, astigmatism 
was induced in each eye by the addition of 
a cylindrical lens of +2 D. The astigmatism 
was induced at various meridians by ori- 
enting the cylinder axes at 90, 135, and 180 
degrees, for use with the sine waves. Only 
the extreme conditions of no astigmatism 

and a cylinder axis of 090 degrees were 
employed with the square waves. 

Five levels of modulation were selected 
for each spatial frequency to range from 
zero to an easily perceptible grating. Each 
level was presented twice in a given session. 
All five levels at all five spatial frequencies 
were combined and randomized for a total 
of 50 judgments per session. The subject's 
task on each presentation was simply to 
state whether or not stripes were perceived. 
There were no temporal constraints; the 
stimulus continued to be visible until the 
subject responded. Two sessions were run 
for each condition of astigmatism so that 
final limens for each spatial frequency were 
based upon 20 judgments. 

RESULTS 

The mean data for the four subjects view- 
ing sinusoidal gratings are given in Fig. 1. 
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FIG. 1. Contrast thresholds for sine-wave gratings with subjects fully corrected or with 2 D of astigmatism 

at different meridians. The numbers refer to the axis of the cylinders. Mean of four subjects, with vertical bars 
indicating ±1 SD for no astigmatism (]) and for astigmatism axis 90 degrees ([). 
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The shapes of the curves for all four indi- 
viduals were the same, as were the c.iffer- 
ential effects of the axis of astigmatism. 
When fully corrected, contrast thresholds 
for all subjects are best at 2 cpd and rise 
rapidly in either direction; the curve is in 
agreement with many in the literatu-e for 
these experimental conditions.577 With the 
2 D cylinder at an axis of 180 degrees (that 
is, with the power meridian parallel to the 
orientation of the stripes), there is no 
change in contrast thresholds at any spatial 
frequency. With the cylinder at an axis of 
90 degrees, thresholds for low spatisl fre- 
quencies are unaffected whereas those for 
high spatial frequencies are poorer by al- 
most a log unit. With an intermediate ori- 
entation of the stripes, the loss of sensitivity 
is intermediate. 

The vertical bars show ± one standard 
deviation around the means for the no as- 
tigmatism and the axis 90-degree astigma- 
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tism conditions; there is complete overlap 
of standard deviations at the low spatial 
frequencies and none at high. Standard de- 
viations for the other conditions, not shown 
to simplify the figure, were of comparable 
size. 

Comparable data for the same four sub- 
jects, for square waves, are shown in Fig. 2 
for the emmetropic condition and the worst 
orientation of induced astigmatism. For the 
astigmatic condition, contrast thresholds at 
frequencies of 2 cpd and higher are consid- 
erably poorer, whereas there is virtually no 
difference at 0.5 cpd; these results are thus 
comparable to those for sine waves. How- 
ever, at 0.2 cpd, there is an apparent 
change: in contrast with the data for sine 
waves, astigmatism has produced a reduc- 
tion in sensitivity resulting in a higher 
threshold for this low spatial frequency. 
The standard deviations around the means 
at 0.2 cpd barely overlap. 
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FIG. 2.  Contrast thresholds for square w« 
astigmatism at axis 90 degrees. Vertical bars 
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This difference is further illustrated in 
Fig. 3 which shows the ratio of square wave 
to sine-wave sensitivity for individual sub- 
jects with and without astigmatism. The 
data are very similar to the original com- 
parison by Campbell and Robson8 and do 
not deviate systematically from the theo- 
retical prediction of 1.27 at frequencies of 
0.5 cpd and higher. 

At 0.2 cpd, however, there is a large in- 
crease in the sensitivity ratio, which aver- 
ages 7.4 without astigmatism and 4.4 with 
it. The effect of astigmatism on this sensi- 
tivity ratio is much more apparent in the 
data of some subjects than otners. At one 
extreme, the sensitivity ratio for SML is 
reduced from 8.8 to 3.7 by 2 D of astigma- 
tism, whereas the comparable decrease for 
AR is only from 4.5 to 3.9 

DISCUSSION 

The effects of astigmatism on contrast 
sensitivity to sine and square waves are, in 
general, well predicted by theory and in 
good agreement with the data accumulated 
over the past 15 years of study of contrast 
sensitivity. Thus, the fact that astigmatism 
affects the high spatial frequencies stems 
from the defocusing of the image and occurs 
in all optical systems. The amount of dete- 
rioration depends, of course, on the amount 
of blurring. These data on astigmatism fit 
well, quantitatively, with data in the liter- 
ature for blurring by spherical lenses. For 
example, Campbell et al.9 report 0.35 log 
unit at all frequencies above 5 cpd for 0.5 D 
of blur. Regan's 10 measures show 0.6 log 
unit for 1 D of defocusing, and these data 
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FIG. 3. Ratio of empirical sensitivity of square waves to sine waves for individual subjects. Open symbols 
refer to the fully corrected condition; closed, to the astigmatic. The ratios in the square are theoretical ratios as 
described in the text. 
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reveal a maximum of nearly 1.0 log unit for 
the 2 D of astigmatism in the worst mend 
ian. 

Moreover, the comparison of sensithjity 
to square waves and sine waves of the same 
spatial frequency is in general agreement 
with the original comparison of Campbell 
and Robson.8 With the subjects appropri- 
ately corrected, the difference between sen- 
sitivity to square waves and sine waves is 
as predicted from the theory. Thus, at 0.5 
cpd and higher spatial frequencies, there 
are no differences between the two curves 
other than that of amplitude, and the factor 
of 1.27 adequately describes the data. This 
implies that there are no harmonics in- 
volved in the sensitivity to square waves, 
nor should there be any. 

At the lowest spatial frequency, 0.2 cpd, 
however, there is a large increase in squjire- 
wave sensitivity over that of sine waves. 
This increase, an average ratio of 7 is 
greater than that reported by Campbell and 
Robson8 or by Furchner et al.11 for square 
waves of 0.25 cpd. A likely explanation is 
the inclusion of responses by channels sen- 
sitive to higher order harmonics in the re- 
sponse to the square wave. Indeed, Fig. 1 
shows that many of the higher order har- 
monics have the necessary sensitivity to be 
included in the response of square waves at 
0.2 cpd* with the greatest sensitivity shown 
for the first harmonic at 0.6 cpd. The ::act 
that many higher order harmonics have the 
requisite sensitivity can be attributed to the 
specific experimental conditions employed 
which depress sensitivity to low spatial fre- 
quencies. Both the use of a long duration 
stimulus and a finite target size have this 
effect.12 

Theoretical sensitivity to square waves, 
derived from the theory of probability sum- 
mation among independent channels,13,14 is 
compared to the empirical data in the box 

" Fourier analysis (Nachmias'5) of a square wave at 
a given spatial frequency yields 1.27 times the ampli- 
tude (A) of the fundamental, f (the sine wave at the 
same frequency), plus odd-numbered harmonics at 
regularly decreasing amplitudes: lk A(3f) + ^A(5f) + 
WA(7f), etc. Thus, for a given harmonic to be involved 
in the sensitivity to a specific square wave, the sensi- 
tivity to it must be proportionally increased. At: if for 
example, sinusoidal sensitivity must be 3 times as areat 
as at f to produce equal contributions. 
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in Fig. 3. The new ratios in this box were 
calculated for each individual, using the 
hypothetical sine-wave response (of Va the 
sine-wave sensitivity to 0.6 cpd), either 
alone or together with V& the sensitivity to 
1.0 cpd) compared to the empirical square- 
wave data. The ratios for emmetropic vi- 
sion employ probability summation be- 
tween channels at 0.6 and 1.0 cpd.b Since 
astigmatism reduced the hypothetical sen- 
sitivity to 1.0 well below that of 0.6 cpd, for 
all subjects, only one channel was employed 
in these ratios. 

This procedure eliminates both the large 
square-sine wave ratios at 0.2 cpd and the 
differences between the emmetropic and 
astigmatic conditions. Thus, concrete sup- 
port is given to both the general theory of 
probability summation among independent 
channels and to the suggestion that astig- 
matism reduces sensitivity to low frequency 
square waves by removing the contribution 
of higher order harmonics. Nonetheless, all 
eight ratios are slightly above the theoreti- 
cal value of 1.27, implying some additional 
factor is involved. This result is in general 
agreement with Furchner et al.11 who found 
that patterns composed of very low spatial 
frequencies were more visible than pre- 
dicted by probability summation. 

The practical implications of this study 
are that astigmatism is detrimental to vi- 
sion only for small targets (high spatial 
frequencies) or for the recognition of forms 
whose frequency composition requires good 
vision for high spatial frequencies. Thus, 
the astigmatic, individual should see as well 
as the emmetrope if he is close enough to 
the target so that it is composed of only low 
spatial frequencies. This implication has 
recently been tested and found to be correct 
in accounting for the vision of astigmatic 
periscope operators using different 
amounts of magnification.17 
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b Quick's method16 for calculating the effects of 
probability summation for independent channels was 
employed to determine the sensitivity predicted from 
the use of all possible harmonics, but no further in- 
crease was obtained. 
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